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Hard and super hard coatings of Zr-Ti-Si-N of from 2.8 μm to 3.5 μm thickness were fabricated using a vacuum arc 
source with high frequency stimulation. The samples were annealed in vacuum and in air at 1200 °C. It was found that 
films with a high Zr and Ti content were thermally stable up to 1180 °C. At the same time, a thin oxide layer of 180 nm 
to 240 nm was found on the surfaces, which protected the sample from destruction. Below 1000 °C annealing 
temperature in vacuum, changing of phase composition is determined by appearing of siliconitride crystallites (ß-Si3N4) 
with hexagonal crystalline lattice and by formation of ZrO2 oxide crystallites. Size of grains of a substitution solid 
solution (Zr, Ti)N varied from (10 – 12) nm to 25 nm, but Ti concentration in the solid solution increased. In the process 
of annealing, hardness of the best series of samples increased from (39.6 ±1.4) GPa to 53.6 GPa, which seemed to 
indicate that a spinodal segregation along grain interfaces was finished.  
Keywords: superhard, nanocomposite, compressive stress, spinodal phase segregation. 
 
1. INTRODUCTION
∗
 
Nanocomposite coatings of new generation composed 
of at least two phases with nanocrystalline and/or 
amorphous structures are of great interest. Due to very 
small size (10 nm) of grains and important role of 
boundary zones surrounding single grains, nanocomposite 
materials behave unlike traditional materials with grain 
size higher than 100 nm and display quite different 
properties. Novel unique physical and functional properties 
of nanocomposites promote rapid development of the 
nanocomposite materials [1 – 5]. Also we should like to 
note theoretical works [3, 4], which studied electron 
structure, stability, decohesion mechanism, shear of 
interfaces in superhard and heterostructures nc-TmN/α-
Si3N4.  
The purpose of this work was to study formation of 
superhard coatings on Zr-Ti-Si-N base and their properties 
including thermal stability. 
These coatings are promising and can be used in 
engineering for machining machine tools, as well as in 
areas where durability is an important parameter. 
2. EXPERIMENTAL 
The coatings were fabricated using vacuum-arc 
deposition (VAD) from the unit-cast, Zr, Zr-Si, and  
Zr-Ti-Si targets. The films were deposited in nitrogen 
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atmosphere. The deposition was carried out using standard 
vacuum-arc and  high frequency (HF) discharge methods. 
Bias potential was applied to the substrate from HF 
generator, which produced impulses of convergent 
oscillations with ≤ 1 MHz frequency, every impulse 
duration being 60 µs, their repetition frequency – about 
10 kHz. Due to HF diode effect, value of the negative 
autobias potential occurring on a substrate increased from 
2 kV to 3 kV at the beginning of impulse (after start of 
discharger operation). Coatings of 2 µm to 3.5 µm 
thickness were deposited on steel substrates (of 20 mm and 
30 mm diameter and 3 mm to 5 mm thickness).  
Table 1. Physical-technological parameters of the deposition 
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Zr ZrN 110 0.3 – 200 
Standard 
technology VAD 
Zr ZrN 110 0.3 200 – HF deposition 
Zr-Si (ZrSi)N 110 0.3 200 – HF deposition 
Ti-Zr-Si (Ti-Zr-Si)N 110 0.3 200 – HF deposition 
* Ia is a cathode current in [A]; PN is pressure of atomic 
nitrogen in Pa units; URF is a bias voltage of HF discharge; U is 
bias voltage under conditions of vacuum-arc discharge. The 
deposition was performed without additional substrate heating. 
Zr-Ti-Si-N coatings were deposited on poly-crystalline steel 
(Steel3 – 0.3 wt.%C, Fe the rest). Molecular nitrogen was 
employed as a reaction gas (Table 1).  
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Annealing was performed in air, in a furnace SNOL 
8.2/1100 (Kharkov, Ukraine), under temperature 
T = 300 °C, 500 °C, and 800 °C, and in a vacuum furnace 
SNVE-1.3, under 5·10–4 Pa pressure, and T = 300 °C, 
500 °C, 700 °C, 900 °C and 1180 °C.  
Studies of phase composition and structure were 
performed using X-ray diffraction device DRON-3M, 
under filtered emission Cu-Kα, using secondary beam of a 
graphite monochromator. Diffraction spectra were taken 
point-by-point, with a scanning step 2Ө = 0.05° to 0.1°.  
Studies of mechanical characteristics were realized 
with nanoindentation under 10 nN load of 
NANOINDENTOR II (MTS System Inc., USA) 
indentation device with diamond Berkovich pyramid [9]. 
3. EXPERIMENTAL RESULTS AND 
DISCUSSION 
Analyzing phase composition of Zr-Ti-Si-N films, we 
found that a basic crystalline component of as-deposited on 
substrate was solid solution (Zr, Ti)N based on cubic 
lattice of NaCl structure. In Table 2 we presente XRD 
results diffraction: a lattice period in non-stressed cross-
section (a0), value of macrodeformation (ε), microdeforma-
tion (<ε>), and concentration of packing defects (αdef.pack). 
The data were obtained both for the samples after coating 
deposition and for those annealed in vacuum and air under 
various temperatures. 
Table 2. Changes of structure and substructure parameters 
occurring in ion-plasma deposited films of Zr-Ti-Si-N 
system in the course of high-temperature annealing in 
vacuum and in air 
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а0, nm 0.45520 0.45226 0.45149 0.45064 0.45315 0.45195 
ε, % –2.93 –2.40 –1.82 –1.09 –2.15 –1.55 
<ε>, % 1.4 1.0 0.85 0.8 0.95 0.88 
αdef. pack. 0.057 0.085 0.107 0.150 0.090 0.128 
The crystallites of solid (Zr, Ti)N solution underwent 
compressing elastic macrostresses occurring in a film-
substrate system. Compressing stresses, which were 
present in a plane of growing film, indicate development of 
compressing deformation in a crystal lattice. It was 
identified by a shift of diffraction lines in the process of 
angular surveys (sin2ψ – method) and reached – 2.93 % 
value (Table 2). With E ≈ 400 GPa characteristic elastic 
modulus and 0.28 Poisson coefficient, deformation value 
correspond to that occurring under action of compressing 
stresses. We should also note that such high stresses 
characterize nitride films, which were formed under 
deposition with high radiation factor. It also provided high 
adhesion to the base material due to “atomic peening”- 
effect. 
Qualitative changes of phase composition were 
observed in films under vacuum annealing at 
T
an
 > 1000 °C. Appearance of zirconium and titanium 
oxides was related to oxidation due to coating surface 
interaction with oxygen atoms coming from the residual 
vacuum atmosphere during annealing. At annealing 
temperatures below 1000 °C, phase composition of 
coatings remained practically unchanged (Fig. 1). One 
could not detect – only changes of width of diffraction 
lines but their shift to higher diffraction angles as well. The 
latter characterizes relaxation of compressing stresses in 
coatings. Changed diffraction lines were related to the 
increased size of crystallites (in general) and decreased 
micro-deformation. 
 
Fig. 1. X-ray diffraction pattern of the Zr-Ti-Si-N coatings after 
deposition 
 
Fig. 2. A fragment of diffraction pattern for Zr-Si-N coating 
deposited by vacuum-arc method with HF stimulation 
(Fe-K radiation) 
Figure 2, shows XRD-diffraction pattern of volume 
phases for nano-structured Zr-Si-N coating with 10 nm to 
12 nm grain sizes for nc-ZxH phase (where nc is a nano-
structured phase).  
 
Fig. 3. Histogram of phase ratio for nanocomposite coatings  
Zr-Si-N 
Figure 3 shows the phase relationship, for nanocompo-
site coating Zr-Ti-Si-N (for Ti≥12 wt.%)  
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Fig. 4. Rutherford back-scattering energy spectrum of 1.35 MeV 
He+ ions measured for Zr-Ti-Si-N nanocomposite coating; 
the arrows indicate kinematical boundaries of elements 
Figure 4 shows the results of RBS analysis of the 
samples coated with Ti-Zr-Si-N. The beam energy of +He 
ions is not sufficient for the analysis of the total film 
thickness, but the peaks of Ti and Zr are well separated and 
it can be seen that the concentration of Ti and Zr is almost 
uniformly distributed over the depth of coating. 
But still, Si concentration was not less than 7 at.%, 
while that of N might reach more than 15 at.%. 
 
 
 
Fig. 5. The morphology of surface coatings (Zr-Ti-Si)N after 
deposition 
Figure 5 shows that the surface roughness does not 
exceed 25 nm. The results are obtained when the 
parameters of deposition chamber pressure 0.3 Pa, the 
potential bias applied to the substrate – 200 V.  
Mechanical characteristics: the hardness and elastic 
modulus of nanocomposite coatings Zr-Ti-Si-N before and 
after annealing are presented in Table 3. It is seen that 
annealing increases the hardness and elastic modulus.  
Upon annealing in air with a temperature 500 °C was 
much greater hardness, than the samples annealed in 
vacuum. But annealing in air T = 300 °C leads to a 
decrease in hardness as compared to the base hardness 
In Zr-Ti-Si-N coatings, increased Ti concentration, 
resulted in formation of three phases – (Zr, Ti)N-nc-
57 vol.%, TiN-nc-35 vol.%, and α-Si3N4 ≥ 7.5 vol.%, as 
well as changes of grain size. It decreased to (6 to 8) nm in 
(Zr, Ti)N and 10 nm to 12 nm in TiN in comparison with 
the first series. Increase in nanohardness and decrease of 
difference in hardness values was observed. Annealing in 
vacuum below 500 °C finished the process of spinodal 
segregation at grain boundaries and interfaces. The 
annealing stimulated segregation processes and formed 
stable modulated coating structure [1, 5 – 8]. 
Table 3. The hardness and elastic modulus of nanocomposite 
coatings (Zr-Ti-Si) N before and after annealing 
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Fig. 6. Cross-section of hard coating Zr-Ti-Si-N (high 
concentration of Si and N) 
Figure 6 shows the film cross-section, which 
demonstrates that in the course of deposition, no cracks 
were formed and good coating quality was produced. 
Thickness of the coating was 3.74 μm. 
 
Fig. 7. Nano-hardness vs displacement into surface for coatings 
fabricated using vacuum-arc source with high frequency 
discharge hardness values for Zr-Ti-N and Zr-Si-N 
systems 
In such a way, hardness, which was increased in the 
process of annealing, seems to be related to incomplete 
spinodal phase segregation at grain boundaries resulting 
from deposition of Zr-Ti-Si-N-(nanocomposite). Annealing 
stimulated spinodal phase segregation, forming more stable 
modulated film structures with alternating in volume 
concentration of phase components (ZrN; (Zr,Ti)N; Si3N4). 
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Decreased concentration of active oxygen atoms coming 
from annealing atmosphere increased stability of the film 
phase composition from 500 °C to 1000 °C.  
High macro- and microdeformation occurring in the 
coating seems to be related to an “atomic peening” effect 
resulting to non-ordered distribution of titanium atoms 
implanted to the film during its growth. Highest content of 
packing defects indicated shift of most closely packed 
planes in a fcc-sublattice (111) [8 – 11] and became 
pronounced under vacuum annealing at T
an
 = 800 °C to 
1100 °C reaching 15.5 vol.%.   
In Zr-Ti-Si-N coatings, increased Ti concentration 
resulted in formation of three phases – (Zr, Ti)N-nc-
57 vol.%, TiN-nc-35 vol.%, and α-Si3N4 ≥ 7.5 vol.%, as 
well as changes of grain size, which decreased from 6 nm 
to 8 nm in (Zr, Ti)N and 10 nm to 12 nm in TiN in 
comparison with the first series. The annealing stimulated 
segregation processes and formed stable modulated coating 
structure [1, 11 – 13]. 
4. CONCLUSIONS 
The Zr-Ti-Si-N-based superhard nanostructured 
coatings of different chemical composition were deposited 
under different growth conditions. An analysis of 
properties and structure of the coatings was carried out.   
It was determined that size of nanograins of solid 
solution changed from 10 nm tо 12 nm. At the same time 
the size of α-Si3N4 interlayer, which enveloped the (Ti, 
Zr)N nanograins, ranged from 6 nm to 8 nm. 
The nanohardness varied from 39.6 GPa to 53.6 GPa 
depending on bias potential on the substrate and pressure 
in the chamber. 
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